The study of spatial vision is a long and well traveled road (which, of course, converges to a vanishing point at the horizon). Its various distortions have been widely investigated empirically, and most concentrate, pragmatically, on the space anterior to the observer. The visual world behind the observer has received relatively less attention and it is this perspective the current experiments address. Our results show systematic perceptual distortions in the posterior visual world when viewed statically. For the various presentation and observation conditions, under static viewing conditions, observer's perceptual representation was consistently 'spread' in a hyperbolic fashion. Directions to distant, peripheral locations were consistently overestimated by about 11 • from the ground truth and this variability increased as the target was moved toward the center of the observer's back. The perceptual representation of posterior visual space is, no doubt, secondary to the more immediate needs of the anterior visual world. Still, it is important in some domains including certain sports, such as rowing, and in vehicular navigation.
Introduction
It is well known among Catholic school alumnae that many nuns seem to posses a second set of eyes in the back of their heads. As predators, humans largely concern themselves
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with the anterior perceptual world, yet we do not simply ignore the world behind us 1 . In fact, there are many tasks that require at least a rudimentary geometric representation of the posterior visual world. In most cases a casual familiarity with what is behind us should be enough to survive encounters within the real world. For example, as long as no dangerous precipice or newly mobile toddler is behind us, we know that we can safely 'wander' backward a bit while standing in place, but who hasn't been startled upon accidentally backing into a piece of furniture or another person at a party? On the other hand, backing a car, swimming the backstroke and sculling suggest the need for a, richer, more-metric representation-that is, not only do we need to know that there is something behind us (i.e. a parked car or the finish line), we also need an idea where it is.
Even in situations where geometric localization is critical, there are varying degrees of accuracy that might be required. During a leisurely row on a lake, it isn't of primary importance that the absolute shortest path be taken through the water, only that major obstacles be avoided, but in a competitive race the shortest path from start to finish will surely be a crucial advantage. As these representations become more metric the chance for geometric distortion enters the representation equation.
There are many prosed models for the metric of anterior visual space. These range from the classically Euclidian (Gibson, 1950) , to a variety of non-Euclidian proposals such as affine (Todd & Koenderink, 2001) , doubly elliptical / spherical (Angell, 1974; Reid, 1819) , and hyperbolic (Smith, 1738; Luneburg, 1950; Indow, 1967) but, see (Battro & Reggini, 1978; Battro, 1976; Indow, 1991; Koenderink & Doorn, 2000) for criticisms of these. The upshot of the prior research suggests that, at local scales (say, at an arm's length) Euclidean models are adequate for modeling most phenomena, but the "big" picture is more complicated and there is a fair amount of controversy as how to best represent it. In summary, there may be a multiplicity of mechanisms at use when viewing the anterior world, each depending on the task at hand or available on-line information.
We should note that, in the situations outlined above, we are focusing on the representation of visual space made available immediately through direct visual perception. There are, of course, scenarios where a so-called cognitive or mental map (Attneave & Pierce, 1978) can be used to navigate and, indeed, mental maps are subject to a wide variety of potentially intransitive distortions in all directions.
Commonly used techniques to explore distortions in anterior space involve aiming or pointing tasks wherein the observer indicates the direction in space toward a target. These tasks typically take place in egocentric or exocentric space, requiring the observer to orient themselves or to adjust an external pointer, respectively. For example, Koenderink's exocentric pointing task (Koenderink & Doorn, 2000) yielded distortions suggesting anterior visual space to be elliptical in curvature in near space and hyperbolic in far, contrary to a visual space of constant curvature. Attneave (Attneave & Pierce, 1978) found that exocentric pointing into imagined space was as accurate as pointing into visible space within a 2.7 • margin of error. Montello (Montello, Richardson, Hegarty, & Provenza, 1999) was concerned with different methods of pointing accuracy and found anterior and posterior errors (although only 3 targets were in the posterior) within about 4.4 • .
There has been little previous research regarding posterior pointing. In addition to the brief examination of Montello (1999) , Attneave and Farrar (1977) performed a set of experiments whose mental representation requirements fall somewhere in between a pure cognitive map and an exact metric representation. These experiments coarsely probed posterior visual space in terms of 'right' and 'left' locations behind the observer and found it more difficult to respond correctly in 'real' rather than 'mental image' space. Thus, there are many ways to describe the mental representation of the world-what then of the true metric structure of the space behind us?
Experiment 1
Our first experiment concerns accuracy in posterior egocentric pointing. That is, when you face away from a target, how well can you orient yourself relative to its location? To increase external validity and to help inform our subsequent laboratory-based experiments, we chose to perform these initial explorations in the field, in the fashion of Koenderink (2000) -in our case using a posterior egocentric pointing task.
Method

Apparatus.
A large open field with trees in the distance (beyond 500m) and no nearby discernible landmarks was used as the experimental setting. A pointing target, we call the science-pole, was constructed from a standard black photo-tripod, topped with a Penn brand fluorescent yellow tennis ball, 6.6cm in diameter. A fixed fiducial location was chosen and each station was laid out at a constant distance of 30m behind and at 45 • separation from its neighbor (see Figure 1 ) using traditional surveying geodesic aids. A small rotating stool was outfitted with a wooden pointer and a precision magnetic compass to indicate aiming direction. This stool was anchored at the aforementioned fiducial point and adjusted in elevation such that the observers' eye-height was the same as the tennis ball marker. On each trial, one experimenter moved the science-pole to one of the three probe locations then moved from the observer's potential field of view while a second remained at the fiducial location and collected the orientation measurements. Experimenters traded rôles after an arbitrary number of trials. Conditions were selected and data was recorded using a Macintosh PowerBook.
Procedure. The observer was seated on the stool with their back to the target area. At the start of each block of trials the wooden pointer was aligned so as to be perpendicular to the observer's trunk. On each trial the computer randomly selected one of three pole positions, the target pole was then raised at that location (i.e. no other pole locations were visible during that trial) and the observer was instructed to look over their right shoulder and center their back to the target under full-cue binocular viewing conditions. The observer was free to turn their head (only to the right) and move their eyes as much as necessary to accurately indicate the target direction. When the observer was satisfied with their aim, the angle of the egocentric pointing direction was recorded. After each trial, the observer was instructed to orient themselves in an arbitrary new direction, using only anterior visual information. A total of 50 trials were distributed randomly over the three target locations.
Observers. Observers consisted of three laboratory members, including the two authors. The third observer was naïve as to the purpose of the experiment. All had normal • on average, across all observers' adjustments. Basically, this underestimation was seen by observers failing to turn themselves far enough on each trial. This resulted in the perception that the targets were more lateral than posterior.
or corrected-to-normal vision. Observers performed the task in random order.
Results
Results for this experiment are shown in Figure 2 . Solid lines indicate the truedirection to target, and arrows indicate observers' mean direction judgements (computed according to the parametric definition of the von Mieses distribution as outlined in (Fisher, 1993) ). Observers FP and MGV show a consistent underestimation error of approximately 7 • while the variations exhibited by ABC are, on average, about 7 • but deviate incrementally, reaching a maximum with the right-most target. Variability among all three observers is consistent within ±10 • .
All three observers under-aligned themselves-locations were generally seen as being more lateral than posterior. This suggests that there may be a general distortion in the posterior visual world but it is unclear whether this distortion is dependent on perceptual factors or some interaction with the egocentric positioning task.
Despite the ecological nature of performing this experiment in the field, the physical constraints of moving the targets made it difficult to rigorously and exhaustively test a variety of viewing conditions, such as using both shoulders. Our subsequent experiments take place in the laboratory to provide more flexibility.
Experiment 2
For simplicity, Experiment 1 restricted viewing to the over-the-right shoulder condition. Based on those results, we would expect to see similar errors (i.e. more lateral than posterior adjustments) when looking over the left shoulder and perhaps some form of error cancellation when using both shoulders. Furthermore, our field experiment used a single depth for the stimuli but most models of anterior vision that suggest that depth plays a significant role in distance and angle estimation (see (Wagner, 1985) ). Experiment 2 considers both this depth component and the implications of looking over both shoulders to gain information about the posterior visual world. Also, Montello (1999) shows that the accuracy of pointing at a target is equally reliable as aiming with the body, therefore, for these experiments we chose to use an exocentric pointing task to simplify response gathering.
Method
Apparatus. Our displays simulated a three-dimensional environment of varying detail and richness. Observers were seated 1m in front of a 213cm by 157cm rear-projection screen with their back to the projection surface. The display area of the screen subtended a visual angle of approximately 48 • horizontally by 38 • vertically. Images were projected using a color-calibrated DLP projector at a resolution of 1024 by 768 pixels. Images were synthesized using an Apple Macintosh via an ATI RADEON graphics accelerator card, controlled using theeel experiment programming language and rendered via OpenGL. Responses were collected via a 15cm long pointer mounted on a small table in front of the observer. The angular position of the pointer was captured via a mechanical connection to a precision potentiometer whose value was in turn measured with a DataTranslation 9000 digital/analog acquisition system. The setup was calibrated to an angular accuracy of < 0.1 • . The system was recalibrated at the start of each block of trials via a laser mounted on the pointing mechanism.
Stimuli. The virtual environment spanned approximately 50m x 100m and was situated inside of a sky-blue colored sphere to simulate the horizon. A textured ground plane could selectively be added to the environment for each trial. The texture consisted of a low frequency smooth unstructured noisy pattern. The size of each texture element was approximately 20cm in diameter but this randomly varied by up-to 100%, thus making it difficult to use the elements as explicit landmarks or measuring tools. Nine target locations were chosen, three at each of three depths from the viewing position: 1, 25, and 50m. Due to the somewhat trivial nature of aiming at locations perfectly perpendicular to the observer and pointer box, pole positions directly behind the observer were randomized horizontally. Figure 3 shows the configuration of the real pointer space along with the virtual target space.
Procedure. The experiment consisted of four conditions-1) no ground plane, looking over the left shoulder only, before aiming, 2) with ground plane, looking over the left shoulder only, 3) with ground plane, looking over right shoulder only, and 4) with ground plane, looking over both shoulders. On a given trial, a red pole would appear in one of the target locations, the observer would look over the appropriate shoulder(s) as indicated by an LED on the pointer box, and adjust the pointer to aim at the target location. In the ground-plane conditions the pole was 2m high by 5cm in diameter. In the no ground-plane condition the pole was extended infinitely in the vertical direction, eliminating the depth information provided by foreshortening and the ground plane texture gradient. Figure 3 . Configuration of the environment used in Experiment 2. The observer was seated 1m in front of a rear projection screen with their back facing the projection surface. An approximately 50m × 100m environment was synthesized with or without a water-textured ground plane (depending on condition). Nine target locations were chosen, three at each of three depths. On a given trial a red 1m high pole would appear in one of the target locations, the observer would look over the appropriate shoulder(s), and adjust a pointer in front of them so as to point at the target location.
There was no limit to the number of times or the amount of time that the observer could survey the scene. When satisfied with their aim the observer pressed a button to continue to the next trial. Each of the nine positions was probed nine times in each of the four condition for a total of 324 trials. Trials were fully randomized and split into blocks of 81 trials for a total of four sessions per observer.
Observers. A total of four observers were used, the two authors as well as two naïve members of the Skidmore College community. All had normal or corrected to normal vision.
Results
The data were analyzed parametrically, using the von Mises distribution, as in Experiment 1. Results are summarized in Table 1 , all measurements are mean angular underestimation to the target direction. Observer FP has the largest mean error across all conditions and it should be noted that his vision correction uses traditional spectacles with -9 diopter, high-index lenses, thus his data may be subject to some additional prismatic distortion.
The first condition was essentially reduced to pointing at targets 1m behind the observer because there is no depth cue information available. In this near-field condition, observers consistently underestimate directions behind them by 13.1 • . The introduction of depth cues in the remaining three conditions reduce the magnitude of the error as can be seen in the second and third condition's errors of 11.7 • and 11.4 • , respectively. However, there is a slight increase the overall variability of adjustments in the single-shoulder conditions that is mitigated in the two-shoulder condition. Overall, the error is in agreement with the errors found in the full-cue field conditions of Experiment 1, lending credence to the external validity of the simulation. Furthermore, the variability increases in the depth-cue conditions over the non-depth cue conditions, again, to amounts roughly the same performance as the egocentric pointing task.
The most interesting situation arises when observers are free to look over both shoulders. We initially hypothesized that using both shoulders would 'cancel out' the bias, yielding a more accurate aim. However, our results show that the mean magnitude of bias was the same but depended on the position of the target relative to the centerline of the trunk of the observer. Objects on the right side of the body were seen as more lateral toward the right, items to the left were seen as more lateral toward the left. There was a coarse pattern suggesting that the bias magnitude decreased but variance increased as the distance from the centerline of the trunk decreased. However, with only one near-center target per depth we can not draw any firm conclusions about the precise nature of these relationships. Finally, for the depths used in this experiment we saw no real pattern of differences in magnitude of bias, only in variance, as is suggested by results in the nearfield and two-shoulder conditions, where variance was minimized. This suggests that using glances over both shoulders doesn't reduce bias but does reduce the variability of responses.
Discussion
The world behind us doesn't quite rate the same attention that the anterior world demands, and in most cases this is probably just as it should be. There are tasks, however, that require one to be aware of the posterior world, and some tasks that make this acutely Figure a) shows the nature of the underestimation when looking over one shoulder, in this case to the right (results for the left shoulder were symmetric to this condition). The shaded area illustrates the variability in pointing direction. As with Experiment 1, observers underestimated the position of the target, perceiving it as being more lateral than it actually was. In the 'both-shoulder' condition illustrated in Figure b) , the mean magnitude of error was the same but depended on the position of the target relative to the centerline of the back of the observer. Objects on the right side of the body were seen as more lateral to the right, items to the left were seen as more lateral to the left. Variance decreases in this situation as well.
important such as backing a vehicle, engaging in an aerial dogfight, or steering a rowing shell. Distortions of anterior space are well studied and, even if there is some debate as to the true nature of the underlying metric, we are fairly certain that we are able to accurately aim or point at things in front of us with accuracy well within a few degrees. Furthermore, this sort of pointing doesn't seem to possess a consistent bias; our aim is true, for the most part, but subject to moderate variability. This is not so with the posterior world. Our results have shown a consistent bias of around 11 • whose nature changes depending on whether the observer can look over both shoulders or is limited to a single shoulder. In the single shoulder case the world is perceived to be uniformly rotated by about 11 • toward the shoulder used for surveying the environment. When both shoulders are used the bias remains at around 11 • but is offset relative to target position with respect to the midline of the observers' trunk. One benefit of using both shoulders is a reduction in variability, but the bias remains regardless. This symmetry suggests that the bias could be biomechanically influenced and not strictly dictated by the visual system. However, our laboratory has preliminary data for this same task using rear-view mirrors which suggests that the visual system is largely responsible.
Implications for a generalized theory of metric space representation include a potential twist in space as it transitions from anterior to posterior. The consistent biases suggest that this space is almost certainly nonlinear but may tend toward the slightly hyperbolic. Further study should use a denser sampling of the posterior space to better elucidate the nature of the error due to the relationship between the lateral position of the target with respect to the observer's trunk and, therefore, more completely describe the posterior space metric.
Layout of visual space is one thing-moving through that space is another issue entirely. Currently, we are investigating the specific effects of backward-motion and navigating in light of the static distortions we have found. Cutting (2002) touches upon posterior space by examining heading distortions while moving forward-the novel twist being the use of the anterior and sagittal space for this task. We hope to integrate these findings to better predict navigation behavior in the unusual but relevant case of backward locomotion.
